n.1gn ways 1n tne

Republic of South Africa
M. F. MITCHELL, L. R. MARAIS, AND C. R. FREEME Before 1968 concrete pavements were used only in exceptional circumstances in the Republic of South Africa (RSA). They were constructed by means of hand methods and rudimentary plants that did not produce the longitudinal profile needed for modern traffic. As a rPs11l( thP usp nf ('(ln('rptp imvpments l"'!S discontinued during the 1950s and 1960s. The results of the AASHO road test, however, and studies and observations of modern concrete pavement performance, notably in the United States, stimulated interest in modern concrete pavements as a means of accommodating the rapidly growing traffic loading on South African highways. Construction of modern concrete pavements in the RSA, which commenced in 1968, has been accelerating since the mid-1970s. The technology that is currently being applied is based on that used in areas of the United States with similar climatic conditions. Because it is now recognized that existing concrete pavement designs are probably conservative for South African conditions, an extensive research and testing program has been initiated. The primary objectives of this program are to design more economical concrete pavements and to develop more economical methods for their rehabilitation.
The national and provincial road system of South Africa consists of -185,000 km, of which 55,000 km are surfaced. The extent of the urban system is difficult to assess, but arterial roads in urban areas are estimated to total -84,000 km. Traffic densities vary considerably: the more heavily traveled national intercity routes carry -50,000 or more vehicles per day in the suburban areas, and some urban freeways carry 100,000 vehicles per day. The top end of the pavement axle-loading spectrum is about 2,500 equivalent 80-kN (18,000-lb) axle loads (E80s) per day, with a 20-year design life requirement of 50 million E80s. Most modern surfaced roads in South Africa have pave-m~nts consisting of a 150-to 800-mm (6-to 12-in.) subbase of stabilized gravel, a 150-to 200-mm base, and a single-seal surface treatment. Some 900 km of national and provincial roads have an asphaltic concrete base and wearing course. "Modern" concrete pavements total some 890 km.
Before 1965, there was relatively little activity in the field of concrete pavements in South Africa. Isolated short lengths were constructed between 1927 and 1955 under special circumstances in certain locations by means of manual methods and the most rudimentary of plants. By today's standards, the riding quality of these pavements was unsatisfactory. The construction methods used were incapable of producing a longitudinal profile suitable for fast-moving vehicles. The wide transverse joints w-ere for1ned n1a11ually, and they we1e sealed with bitumen, which tended to extrude and spread on the surface. The unevenness built into the joints resulted in a surface that caused regular bumping in moving motor vehicles.
MODERN CONCRETE ROADS
The early use of concrete pavements was not continued during the 1950s and early 1960s. For sites where axle loads were in excess of the recognized capacity of the unbound crushed stone bases, road engineers used stiff asphaltic concrete to provide the additional strength required. However, the results of the AASHO road test, together with observations by South African road engineers during overseas visits (particularly to North America and, more specifically, California), resulted in a renewed interest in concrete pavements as a means of accommodating the rapidly growing pavement-loading requirements. At the same time, there was a move toward more flexible asphaltic concrete bases that could accommodate deflection of the pavement. Concrete pavements had the potential to provide a long-lasting, low-maintenance pavement.
Initially, concrete pavements were considered only for areas where low-height embankments were to be used. The misconceptions then prevalent prevented their use on embankments where excessive settlement could be expected. HO'.'.'ever, thi~ ~ssumption ',Va~ ch3nged in viev,' of improvements in the application of geotechnical engineering techniques and the realization that concrete pavements could accommodate uniform settlement as effectively as any other type of stiff pavement. The environment for selection of pavement materials was expanded accordingly.
The first "modern" concrete pavement in South Africa was a 26-km dual-carriageway road constructed in 1968 near Cape Town. This was followed in 1978 by a 20-km section of similar road east of Pretoria. Initially, the type of pavement generally used was a short-joint spacing, unreinforced concrete pavement whose construction was mainly based on the Californian approach. To assess the construction and performance capabilities of other types of concrete pavements, an experimental pavement was constructed between Argent and Ogies in the eastern Transvaal in 1969. This sample segment in-corporated various types of concrete pavement with numerous modifications, such as doweled and undoweled joints. The experiment not only resulted in general acceptance of plain concrete pavement with short joint spacing as the most appropriate type of cementitious concrete pavement for South African conditions but also yielded detailed information that permitted more definite judgments on matters such as cementslag mixes and pavement thicknesses.
Construction of concrete pavements accelerated during the 1970s and has continued to do so during the 1980s. The most recent innovation in the use of concrete pavements has been their application in the rehabilitation of existing asphaltic pavements. Both unreinforced and continuously reinforced pavements have been used for this purpose.
PAVEMENT TYPE ECONOMICS AND POLICY
Many papers and articles aimed at justifying the selection of either asphaltic or cementitious concrete pavements in South Africa have been published during the 1960s and 1970s. Much of the information and data used (and hence the conclusions reached) have been spurious because they were based mainly on commercial interests.
In an attempt to introduce a degree of rationality into the process, a publication prepared by the Committee on Pavement Type Selection for the National Transport Commission was issued by the South African Department of Transport in 1980 (]). The economics of the process for selection of pavement type for major roads was analyzed, and all relevant factors were considered. In this document, the committee stated that for pavements carrying 12-50 million equivalent standard axles over its design life, ... there is no significant difference on present worth of cost between bituminous and concrete pavements based on 1978/79 unit costs. The cheapest alternative will depend on the local factors prevailing at the time. The selection of an appropriate pavement to be used will depend on a number of factors among which local availability of materials, local knowledge, climatic conditions and performance of similar pavements in the area must be considered.
However, by 1985, the situation had changed, mainly as a result of better understanding of road user delay costs. Mitchell and Walker (2) demonstrated that ... for heavy-duty pavements to carry up to 75 million E80s over a 80-year analysis period, a concrete pavement is more economical than a bituminous base pavement on a present worth of costs basis, particularly when road-user delay costs are taken into account. If the cost escalation trends of bitumen and tar continue to exceed those of cement, concrete pavements should continue to be more economical in the future.
Recent decreases in the price of bitumen mean that at present, concrete pavements are not necessarily cheaper than flexible pavements. The cost differences are sufficiently marginal, however, that major road authorities can base their selection on other considerations, such as technical performance, natural resources, experience and capability of contractors, and even public preference. 3 It is now recognized that concrete pavement designs that are based mainly on overseas methodology are probably conservative for South African conditions. An extensive program, using the Heavy Vehicle Simulator (HVS) (3) , is currently under way. This plan has two primary objectives: to design more economical concrete pavements for various categories of roads and to develop more economical methods for the rehabilitation of concrete pavements. The HVS fleet will play a major role in achieving these objectives in a relatively short time. Trial test sections that include promising developments have been laid for HVS evaluation. The interim results of this research are discussed elsewhere in this paper.
DESIGN
Concrete Thickness
Modern concrete highways were introduced in the RSA in the late 1960s. Thickness design was initially based on the procedures of the Portland Cement Association (PCA) (4), AASHO (5) , Road Research Laboratory in England (6), U.S. Army Corps of Engineers (7) , and California State Highway Department (8) . The thicknesses yielded by these methods were compared, and an appropriate design thickness was selected as needed.
Increased experience led to the adoption by what was then the Division of National Roads ofa modified thickness design curve that was based on the 1970 edition of Road Note 29 (9) . This modified curve did not take variations in subgrade or concrete strength into account. Pavement thickness was based on the estimated number of E80s in the design lane over the structural design life (usually 25 years) and an assumed concrete modulus of rupture of 8.8 MPa (550 psi) at 28 days, determined by third-point loading of 150 X 150mm test specimens.
In practice, application of the various thickness design methods has resulted in thicknesses of 200 to 210 mm for highway pavements without tied concrete shoulders and 200 to 285 mm for pavements with tied shoulders. However, a thickness of260 mm was used on one project, which traversed a mine slimes dump site.
Subgrades
The approach to subgrades for concrete pavements in South Africa requires awareness of the following considerations (10):
• uniformity in the compos1t1on, density, and moisture content of the subgrade during construction;
• adjustments, when feasible, in specified construction procedures and in thicknesses of selected materials at transitions of soils;
• proper procedures for backfilling ditches and trenches; • road bed drainage; and • procedures to prevent the undulations that are caused by compressible materials below fills.
Selected Subgrade
The subbase is typically supported on a 150-mm layer of seiecred granuiar material. Iviareriais for seiecred subgrade have a minimum California bearing ratio (CBR) of 15 percent at 93 percent modified AASHTO density, a maximum swell of 1.5 percent at 100 percent modified AASHTO density, and a group index of I. The required field density is 98 percent modified AASHTO.
Subbases
The cement-treated subbase is typically 100 mm thick and extends a minimum of 800 mm beyond the edges of the concrete slah. High-quality gractect materials are normally selected, but cement-treated natural gravels have also been used. Current practice requires these to be strongly cemented [minimum 7-day unconfined compressive strength of 8 MPa (435 psi) at 100 percent modified AASHTO density].
The cemented material must also satisfy the durability requirements of a wet-dry durability test (11) . These requirements take precedence over the unconfined compressive strength . ·rhe max1mum Joss or material permitted after 12 cycles of wetting and drying is 14 percent.
Shoulders
Most concrete highways incorporate tied, jointed concrete shoulders. However, asphalt-surfaced shoulders were used on two early projects.
Joint Design
The standard design is an unreinforced jointed pavement with transverse, skewed (1 :6 clockwise) contraction joints at 4.5m spacings and longitudinal weakened plane or construction joints at a maximum spacing of 3.7 m. The use of isolation joints is confined to locations adjacent to bridges.
Transverse contraction and longitudinal weakened plane joints are generally sealed. However, longitudinal construe- 
Materials
Cement
Ordinary portland cement (OPC), portland blast furnace cement (PBFC), portland cement with 5 to 15 percent slag (PC 15 SL), or a 50/50 mixture of OPC and milled granulated blast furnace slag (MGBS) can be used (12) . PBFC is a cement TRANSPORTA TION RESEARCH RECORD 1182 that may contain 15-70 percent granulated blast furnace slag, but usually the slag content is 45 to SO percent. In practice, either OPC or PC 15 SL is commonly used. FBFC and 60/50 OPC/ MGBS are not used bemuse Lhc:: iowc::1 rate of early strength development creates joint sawing problems.
Aggregates
Fine aggregates may he natnrnl sancts, r.rnshr.r-prnct11r.r.ct sands, or blends of natural and crushed sands (12) . To limit cement content and concrete shrinkage, maximum limits are imposed on the water demand of the fine aggregate (or combination of fine aggregates).
Coarse aggregates are usually supplied in two separate nominal sizes, 37.5 mm and (usuaiiy) 19.0 mm. In generai, gap-graded concrete mixes are used; however, current practices tend toward the use of continuous gradings. ing agents can also be used . It is likely, however, that the future application of the air-entraining admixtures will be limited to slip-formed paving or to paving concrete that is likely to exhibit excessive bleeding without such agents .
Requirements of Concrete
Concrete consistence is determined with due regard to the type of paving equipment to be used and the required characteristics of the mix (12) . Once an optimum slump value has been established, however, variations must be limited to -20 mm. The specified cube (150 mm or 6 in.) compressive strength at 28 days is either 88 MPa (4,800 psi) or 0.85 times the compressive strength that corresponds to a 28-day modulus of rupture of 3.8 MPa (550 psi), whichever is higher.
Subgrades
Special techniques have been employed for weak or variable subgrades. For example, the dynamic substitution method was used to prepare the foundation for the 9-m-high embankment of a 1.2-km length of a road that traversed an area consisting of slimes, marsh, sediments and peat, with an average depth of 6 m.
Weak subgrades were also encountered on another project. Distributed steel and doweling of contraction joints had originally been specified, with retention of the normal contraction joint spacing of 4.5 m. These were later eliminated, however, in favor of an increase in pavement thickness from 235 to 260 mm.
--
On some projects, surface deflections were measured at the top of the subgrade before layer works were started. Where differential deflections were obtained, the cause was investigated and appropriate remedial work was carried out. Additional deflection measurements were then taken. A square or impact roller was also used successfully on some jobs to compact the area under fills before embankment construction and, subsequently, at every 2-m lift of the earthworks.
Cement-Treated Subbase
A cement-treated subbase is generally plant mixed and paver laid, using either asphalt or slip form concrete pavers. On a number of projects, the cement-treated subbase developed an unacceptable degree of cracking when it was cured under a black bituminous membrane and left for a long period before the concrete slab was placed. Measures were successfully implemented to control this cracking.
Concrete Mixing
Concrete is usually mixed at a central plant with dual 1.5-m3 paddle mixers (capacity 120 m 3 / h) and split drum mixers (capacity 150-180 m 3 /h). Most side-formed projects have been built with paddle mixing equipment, whereas slipformed projects generally use split drum mixers. A valuable feature of some split drum mixers is an automatic power demand recorder that permits the continuous monitoring of concrete consistency. On another project, the engineers used a 6-m 3 portable drum mixer that was equipped with an automatic print-out facility to provide details of date, batch number, time of mixing, and mix proportions.
Transportation of Concrete
The mixed concrete is usually transported to the road in reartipping trucks and dumped on the subbase in front of the paving equipment. Covers on trucks are essential as a protection against rain and when exposure to ambient temperatures above 25°C will exceed 20 min.
Paving Equipment
Two methods of paving are used: side form and slip form. Side form equipment is largely of German origin and typically consists of a compactor-finisher equipped with • Rotary (paddle) or plate strike-off, vibrating compaction beam, and oscillating beam;
• Tie bar inserter;
• Diagonal leveling finisher:
• Texturing machine, to apply a longitudinal burlap, 5 transversely grooved finish and white-pigmented membraneforming curing compound; and • On some projects, frame-mounted mobile canopies that cover up to 140 m of production.
Front-end loaders are generally used for spreading. On some projects, however, a German tracked paver (used principally for placing asphalt-or cement-treated base) was used . This device was attached to the leading unit of the "train."
Slip form equipment generally consists of Guntert and Zimmerman or McGregor pavers. These machines operate with guide wires (one on each side of the pavement) and include • Transverse screws or a transverse plow (or both) for spreading and control of concrete surcharge;
• Immersion (poker) vibrators; • Conforming plate; and • An oscillating finishing beam.
Slip form pavers are also equipped with devices for automatic insertion of deformed tie bars. On projects in which wetformed longitudinal joints used to be permitted, pavers had an attachment for automatic insertion of plastic strips. Attachments for the shaping and insertion of metal keyway strips have also been used.
A second machine, which also operates between guide wires, applies the final transversely grooved surface texture and the white-pigmented membrane-forming compound. For the initial burlap drag finish , the drag is attached either in front of the texturing-curing machine or behind a work platform that is towed by the slip form paver.
Paving Width
Generally, full-width paving of carriageways up to 11.1 m wide is required. A 15.0-m-wide carriageway is usually paved in two operations.
Surface Texture
The standard surface texture is obtained by applying a longitudinal burlap drag finish, followed by application of a transversely grooved texture that is achieved with a metaltined grooving device. The tines are pieces of 0.6 X 3.0-mm flat spring steel, 100 to 125 mm long, spaced at random distances between 12 and 25 mm . The groove depth is 8-5 mm.
To reduce the traffic noise caused by grooving, a longitudinally grooved texture was provided on a concrete pavement in built-up areas in Natal. Subsequently, motorcyclists reported that they were having steering problems. Tests are now being arranged to investigate the relationship between noise levels and the frictional properties of surfaces, with the aim of reducing the noise factor.
Curing
Curing consists of the application of a white-pigmented, resin-hfl~Prl rnmrrmnrl th flt rnmrliP~ with A A ~HT() ~tflni:lf!rrl M 148, except that the water loss (as determined in the waterretention test) is limited to 0.040 g/cm 2
• Because curing compounds have not always performed satisfactorily, certain aspects, such as specifications and field control of curing compounds, are being investigated by the Portland Cement Institute in Pretoria.
Joint Sawing
Although span saws have been used for sawing transverse contraction joints, the use of hand-guided saws is common on mosI projecis. Hand-guided saws are also used for longitudinal weakened plane joints. In general, the optimum time for sawing has been between O and 24 hours after placement of the concrete.
Production
Production rates of up to 1,100 m 3 /day have been achieved with side form pavers. With slip form pavers, the maximum has been 2,200 m 3 /day, representing 1 km/day of 10.9-mwide carriageway of 200-mm thickness.
Bridge Deck and Approach Slabs
Because concrete bridge decks and approach slabs provide insufficient space for the tracks of slip form pavers, full-width concrete surfacing (inclusive of concrete shoulders) for these features is not possible, and the work has to be done manually. This problem does not occur with side form pavers.
Trial Pavement
Before work begins on the main pavement, the contractor is required to lay a section of trial pavement to demonstrate the specified requirements (12) . The trial pavement uses the same materials, concrete mix, and equipment as those intended for the main pavement. The contractor is also required to demonstrate the methods that he proposes to use for the application of the surface textures and the construction of joints, including installation of dowels, tie bars, and so on. The required minimum continuous trial length is 150 m.
Construction Problems
Numerous problems can be encountered during the concrete paving process (13) :
• Inconsistency in the workability and proportioning of TRANSPORTATION RESEARCH RECORD 1182 concrete mixes on some projects can cause variations in texture depth, time of texturing, finishing, and inconsistent timing of joint sawing.
InB_deqn~t~ prntl:'ction nf p~vPrnPnt !lg!lin~t wlnrl . . ~nn
and rain can result in plastic shrinkage cracking and can affect texture and abrasion resistance.
• Delayed joint sawing, because of raveling of relatively fresh concrete, can cause shrinkage cracking.
Certain problems are specific to slip form construction:
• Because it has not been possible to form satisfactory day joints, this operation has had to be done manually, and panels infilled by hand have sometimes created poor ridability.
• When paving is done in two widths, poker vibrators have to be lifted. This step has attected concrete compaction near previously placed tie bars.
• If the mix is not carefully proportioned, unacceptable edge slumping will generally occur.
• Because it is impossible to repeat transverse tining, the achievement of the required texture depth presents a problem with stiffer mixes.
~
The additional width of the ean:hworks (approxim<1te1y 800 mm) required on both sitles of the pavement can be costly with high fills.
Other problems are specific to side form construction:
• Unsatisfactory concrete spreading practices can lead to delays in finishing, texturing, and curing.
• Edge breaks that are caused by removal of side forms that have a keyway former cannot be satisfactorily repaired. This problem is aggravated when deformed tie bars are present.
Riding Quality
For the highest class of roads in South Africa, a Present Serviceability Index (PSI) of 4.0 is sought on newly constructed roads. The riding quality of roads has been measured indicator (LDI) riding quality car. In general, riding qualities measured by the LDI-type instrument have values below 4.0. This may, however, be due to a shift factor between the two types of instruments used to measure riding quality.
In general, slip-formed paving gives slightly better riding quality than side formed. When strict quality control is enforced, however, side-formed paving produces equally good results. Also, full-width paving produces better riding quality than does half width. The 8.9-m-wide paver used by some contractors produces low riding quality because most of the finishing is done manually. It may be necessary to provide finishing beams to suit the 8.9-m width.
The riding quality of 2.26-m-and 8.7-m-wide concrete pavements that are constructed manually to widen an existing concrete highway is low and is similar to the quality of the 8.9-m-wide paver-laid concrete. Finally, it should be noted that to achieve the best results, uniform concrete and a high level of dedicated and sustained supervision are essential.
Joint Seals
With a few exceptions, neoprene-type seals, with a life of 8-10 years, have been used.
RESEARCH
Research into concrete roads has recently received a new impetus in South Africa with the realization that the building of a sound concrete industry is necessary and that competition with other pavement types needs to be stimulated for economic reasons. There is an increasing demand for relatively maintenance-free roads close to urban areas, and concrete pavements have an important function to fulfill in this regard.
Experimental sections have been tested on two major roads, one involving an overlay to a distressed concrete pavement and the other including possible new designs. These are discussed in more detail in the following sections.
Overlays to a Distressed Concrete Pavement
Full-scale experimental overlays were constructed on an existing distressed pavement near Cape Town (14, 15) . The distressed pavement consisted of a 200-mm jointed concrete slab with a 4.5-m joint spacing, a 100-mm cemented subbase, and a 75-mm natural gravel selected subgrade over a deep -o.-CAPE TOWN 7 layer of sand. Some 5 years after construction, an unusually high incidence of hairline cracking was observed. It was established that this phenomenon was caused by an alkaliaggregate reaction. Traffic loading resulted in further deterioration of the cracks in the vicinity of the points and eventually resulted in punch-outs.
During 1986-1988, the road carried an average of 650 standard 80-kN axles per day in the slow lane. The experimental overlays were constructed on this road during the first three months of 1985, and an HVS test program on these sections began in June 1984. The layout of the experimental overlay sections is shown in Figure 1 .
Bitumen-Rubber Premix Overlay
The 80-mm bitumen-rubber overlay (Sections A and N in Figure 1 ) comprised a semi-open grading. The primary distress mechanism was cracking in the overlay. These cracks reflected the block pattern of active cracks from the jointed concrete pavement. The cracks were located in the vicinity of the joints and extended to -800 mm from the joints. The HVS testing indicated that this overlay could be expected to carry -510,000 standard 80 kN axles (E80s) before the cracks would need to be repaired.
Gap-Graded Asphalt Overlay with Bitumen-Rubber Interlayer
This overlay (Section E in Figure 1 surface cracking was also observed. These cracks were not confined to the vicinity of the joints in the existing concrete pavement, where high load-associated crack movements (630 µm) were measured before overlay placement. Closer inspection revealed that the cracks originated in the gap-graded asphalt layer above the bitumen-rubber interlayer. The layer acted as a weak plane, and horizontal slippage contributed to the lateral movement of the gap-graded asphalt layer.
Gap-Graded Asphalt Overlay with Woven and Nonwoven Geofabric Inter/ayers
These two overlays (Sections C and Din Figure 1 ) comprised geofabric layers that were placed on top of an 80-mm leveling course, followed by a 60-mm gap-graded asphalt layer. Within 12-18 months after construction, both these sections reflected the joint pattern of the existing jointed concrete pavement in the form of fine cracks. All evidence indicates that the cracklno w~c;:. r~11c;:.pf1 hv thPrm~1 movPmPnh:. Thpc;:.p c;:.prtl{)nc;:
not tested with the HVS.
Conventional Gap-Graded Asphalt Overlay (30 to 90 mm Thick)
This overlay (Section Bin Figure 1 ) consisted of conventional gap-graded asphalt (with no interlayers) and varied in thickness from 80 to 90 mm. Within 10-20 months after construction, the joint pattern of the existing pavement reflected to the surface. Generally, longer periods without crack reflection were associated with thicker overlays. These cracks were also attributed to thermal movements and were not tested with the HVS.
Crushed Stone Overlay (150 to 200 mm Thick)
The crushed stone overlay (Sections G and H in Figure 1 ) carried the equivalent of -30 million E80s without reflecting the crack pattern in the existing concrete pavement. However, a few cases were reported in which fine hairline cracks from the joints in the existing concrete pavement reflected through the overlay 3 years after construction. These fine cracks are not expected to lead to distress under traffic loading.
Unbonded Jointed Concrete (JC) Overlay (115 to 145 mm Thick)
The unbonded JC overlay (Sections I and J in Figure 1 ) cracked after the equivalent of -12 and 30 million E80s in the dry state for the 115-mm-and 145-mm-thick sections, respectively. The cracks were semicircular, ran predominantly in the transverse direction, and developed 600-700 mm from the joint.
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The load applications that led to cracking, however, reduced markedly to 3 and 7 million, respectively, when water was allowed to seep into the joints. This was due to high rf'l~tivf' vntiP~l mnvf'mf'nt M thf' joint~ (-0 2 to O. R mm initially, increasing to about 1.1 mm before cracking) and resulted in severe pumping that, with time, created a void between the concrete overlay and the bond-breaking layer. The bond-breaking interlayer (a 30-mm fine, continuously graded asphalt) disintegrated in the vicinity of the wet joint. This degeneration was caused by the aggressive pumping action that stripped the binder from the asphalt and allowed the unbound fine material to be ejected. The crack mechanism was not related to the condition of the existing concrete pavement.
Thin Conrinuousiy Reinforced Concrece (CRC) Overlay (90 mm Thick)
In contrast to the jointed concrete overlays discussed previously, the thin CRC overlay (Section Lin Figure 1 ) displayed no significant relative movements at the shrinkage cracks in either the wet or the dry states. Throughout the test the The relative crack movements of the pavement overlays discussed here are displayed in Figure 2 . The marked differences in behavior between the CRC overlays and the wet joints of the thin JCPs are illustrated.
Other Experimental Concrete Sections
Additional experimental sections were laid in Natal near Pietermaritzburg (16) . These sections are shown in Figure 3 .
Thin Concrete Over a Thin, Strongly Cemented Subbase !-.. 150-mm JCP (Section 3 in Figure 3 ) displayed exactly the same failure mechanism as the thin JC overlays discussed previously, namely D-shaped cracking in the vicinity of the joints. In this case, the 150-mm gravel layer below the 100mm cemented subbase was pumped out . Cracking at a wet joint occurred after only 1.5 million E80s using bidirectional loading. The number of repetitions needed until cracking occurred increased marginally to some 1.6 million E80s in the unidirectional loading mode. It was concluded that the difference between unidirectional and bidirectional loading was not significant when D-shaped cracking was the primary mechanism of failure (the dry joint was not tested to failure). This conclusion is substantiated by the D-shaped cracking that is currently developing in the fast lane next to these test sections, after a comparable number of E80s applied by normal traffic. 
Thin Concrete Over a Thick, Strongly Cemented Subbase
A 150-mm-thick JCP (Section 5 in Figure 3 ) differed from the previous pavement only in the thickness of the cemented subbase (200 mm instead of 100 mm). The slab fatigue life of this section was significantly higher (some 12 million repetitions at the wet joint and some 88 million repetitions at the dry joint). The primary reason for this difference in performance was the non-erodible 200-mm cemented layer below the slab. No surface pumping was observed during either of these tests.
Thin Concrete Over a Weakly Cemented Subbase
Currently, tests are being carried out on a 150-mm JCP supported by two 125-mm weakly cemented (unconfined compressive strength between 0.7 to 8 MPa) layers (Section 4 in Figure 3 ). Pumping is occurring at the wet joint, and early D-shaped cracking is expected.
Thick Concrete Slabs (Greater than 200 mm) with Erodible Support
Two sections with concrete slab thicknesses of 230 mm were tested. The first section had a 100-mm strongly cemented non-erodible subbase supported by highly erodible subgrade material (Section 6 in Figure 3 ). This section exhibited a moderate pumping action throughout the test and had relative joint movements of about 0.55 mm when the test ended, after some 66 million E80s. A substantial amount of the granular subbase layer was pumped out during the test. No slab cracking occurred, but it was apparent that the slab was rocking. Bidirectional loading was used, and no step faulting occurred. However, all the results indicate that step faulting is likely to develop under normal traffic and under unidirectional HVS loading.
Thick Concrete Slabs (Greater than 200 mm) with Non-Erodible Support
The slab of the second section was supported by a 100-mm cold-recycled asphalt layer, followed by a 100-mm strongly cemented layer and three granular layers (Section 7 in Figure  3 ). This section displayed no signs of distress after -80 million E80s in the wet state. The deflection levels and the the test and were as low as 0.04 and 0.02 mm, respectively, at the end of the test. The good performance is ascribed to the apparently non-erodible 200-mm supporting layers.
Research Findings from Concrete Pavement Testing
The major findings and reconfirmation of existing knowledge to date can be summarized as follows. Slab cracking in the vicinity of the joints is the primary mechanism of failure of thin, jointed concrete pavements (up to 150 mm in thickness), whereas step faulting is more likely to cause failure in thick When water is present below points, the supporting layers in the close vicinity of the bottom of the slab are often eroded away, creating a void below the slab. The value of initial stroyed in this manner.
Pumping can be a severe problem even with thick concrete slabs. To minimize the problem, cemented subbases need to be non-erodible and require a thickness of at least 200 mm to support thick slabs under high traffic rates. The slab fatigue life of 150-mm-thick jointed concrete pavement can potentially increase by a factor of 10 when non-erodible slab support is increased from 100 to 200 mm, and by a factor of 30 if water can be prevented from seeping into the joints. The cold-recycled asphalt that was evaluated proved to be an effective supporting layer for concrete.
More economical concrete pavements can be designed by using reduced slab thicknesses. A key element is the quality and thickness of the supporting layers close to the bottom of the slab.
The difference in behavior between unidirectional and bidirectional loading is not significant when D-shaped cracking is the primary mechanism of failure. The number of repetitions until cracking occurs under traffic compares well with that of H\'S trafficking in both loading mode:;.
Thin, continuously reinforced concrete pavements can carry heavy traffic when well supported. The key to good performance lies in good load transfer at transverse cracks in CRC pavement, resulting in low relative movements.
CONCLUSIONS
Several important conclusions can be drawn from experience with concrete highways in the Republic of South Africa. It has been noted that modern concrete pavements constructed since 1968 are generally performing well, and their use is expected to increase in the 1990s, particularly for highways carrying heavy traffic. To achieve best results with concrete pavement, however, skilled field personnel and a high level TRANSPORTATION RESEARCH RECORD 1182 of dedicated and sustained supervision are essential. The defects that have occurred in certain projects are· believed to be caused by construction and construction-associated defects, <::11h<::h::inrl!lrrl r"f"'\nr-rPtP., ~rh1Pr<::P ,,1P!lthPr r-nnrlitlAnli.!, !lnrl unfavorable roadbed characteristics.
Work with experimental sections has demonstrated that economical concrete pavements can be achieved with thinner jointed concrete slabs on erosion-resistant subbases that are 200 mm thick. Also, thin, continuously reinforced concrete pavements can perform well under heavy traffic when well snppnrtFrl. RFr;insF pnmpine; r;in prF~Fnt ;i prnhlFm FVFn with thick concrete pavement, cemented subbases need to be nonerodible, and they require a thickness of at least 200 mm for heavy traffic conditions. The use of cernenlitious concrete pavements has also tended to stabilize the cost of pavement construction in South Africa through competition created by havmg a viable aiternative to asphaltic concrete pavements in the heavy axle loading spectrum. A need exists for accelerated progress in the development of economically viable low-volume concrete roads for South African conditions. It is also considered necessary to examine riding characteristics of the various types of pavement over time, as well as operational aspects such as skid reslsi(lnCt\ n_1:1d noise generaiion, and visibiiiiy for niglll driving conditions.
